Abstract. Connexin 43 (Cx43)-mediated gap junctional communication in granulosa cells is crucial for germ line development and postnatal folliculogenesis. We previously showed that folliclestimulating hormone (FSH) promoted phosphorylation of Cx43 in rat primary granulosa cells. We further identified Ser365, Ser368, Ser369, and Ser373 in the carboxy-terminal tail as the major sites of phosphorylation by FSH, and found that the phosphorylation of these residues was essential for channel activity. In this study, we investigated the protein kinase(s) responsible for FSH-induced phosphorylation. H89, a cyclic AMP-dependent protein kinase (PKA) inhibitor, inhibited FSHinduced phosphorylation both in vivo and in vitro, whereas PD98059, a mitogen-activated protein kinase kinase (MEK) inhibitor, had little effect on the phosphorylation level. Ca 2+ -dependent protein kinase (PKC) appeared to negatively regulate phosphorylation. Phosphopeptide mapping with or without H89 treatment indicated that PKA could be responsible for phosphorylation of the four serine residues. In addition, the purified catalytic subunit of PKA could phosphorylate the recombinant Cterminal region of Cx43, but not the variant in which all four serine residues were substituted with alanine. These results suggest that FSH positively regulates Cx43-mediated channel formation and activity through phosphorylation of specific sites by PKA.
ap junctions are specialized plasma membrane associations containing intercellular channels that are formed by the association of two hemichannels (connexons), one provided by each of the communicating cells [1] [2] [3] . Each connexon is a hexamer subunit, or connexin, which is needed to form a central pore and is the product of members of a growing multigene family. At present, 20 different genes have been identified in mammals that code for different members of the connexin family [4] . Their primary sequences in proteins are fairly conserved throughout the species, with four hydrophobic membrane spanning domains and two extracellular domains. In contrast, the carboxy-terminal tail region is unique in each connexin protein, and this diversity could be an indicator and/or cause of the potential structural and regulatory complexities of gap junction channels (GJC). Indeed, connexins are expressed in a variety of cells, and each cell type has its own characteristic pattern of expression of connexin genes reflecting their functional roles. In ovarian follicles, for example, intercellular communication between oocytes and somatic cell components is well recognized as crucial for both folliculogenesis and oogenesis [5, 6] , and transfer of ions, metabolites, and second messenger molecules through GJC might play a principal role in the process [7, 8] . We previously detected transcripts of five connexin (Cx) genes, including those for Cx43 and the newly identified Cx60, in porcine ovarian follicles [9, 10] , and observed that folliclestimulating hormone (FSH) could induce Cx43 mRNA expression in rat ovarian follicles. Subsequent treatment with leutenizing hormone (LH) significantly reduced the Cx43 mRNA level [10] , suggesting that Cx43 is a FSH-responsive gene product and also that it might play an important role in the physiological functions of FSH.
Cx43-mediated channel formation and activity have been reported to be regulated at multiple levels by phosphorylation, including the assembly o f c o n n e x o n s i n t h e p l a s m a m e m b r a n e , degradation of connexin, and direct effects on channel activities [11] [12] [13] [14] [15] . In fact, we found that FSH promoted phosphorylation of Cx43 in rat primary granulosa cells [16] . We further identified Ser365, Ser368, Ser369, and Ser373 in the carboxyterminal tail as major sites of phosphorylation on s t i m u l a t i o n w i t h F S H , a n d f o u n d t h a t phosphorylation of these four residues was essential for channel activity [16] . However, it was not clear which kinase(s) phosphorylates the serine residues of Cx43. In the present study, we tried to identify the kinase(s) using a FSH-responsive rat primary granulosa cell culture system and in vitro phosphorylation assay. We found that cAMPdependent protein kinase (PKA) plays a major role under the influence of FSH.
Materials and Methods

Preparation and culture of granulosa cells
Twenty one-day-old female SD rats (Japan SLC, Shizuoka, Japan) were injected with 2 mg of diethylstilbestrol (DES) in sesame oil once daily for 4 days, and ovaries were collected 48 h after last injection [17] . The ovaries were rinsed with Ham's F12-Dulbecco's modified Eagle's medium (F12/ DMEM) supplemented with 20 µg/ml gentamycin and 0.5 µg/ml fungizone, and dissected free of fat and connective tissues. Granulosa cells were released by puncturing follicles with 26-gauge n ee d l es i n F 1 2 / D M E M m ed i u m a nd w e r e incubated in 0.25% trypsin and 50 µg/ml DNaseI for 1 min, followed by the addition of 50 µg/ml trypsin inhibitor. The cells were then washed three times with F12/DMEM and resuspended in culture medium (F12/DMEM, 0.1% BSA, 5 µg/ml insulin, 5 µg/ml transferrin, 20 µg/ml gentamycin and 0.5 µg/ml fungizone) supplemented with 5 µg/ml fibronectin. The cells were then plated in poly-Dlysine-coated dishes at a density of 5 × 10 5 /cm 2 and cultured for 20-24 h in an atmosphere of 5%CO 2 / 95% air at 37 C. When necessary, granulosa cells thus prepared were stimulated with FSH (100 ng/ ml; Vitro Diagnostics Inc.) for 4 h.
Western blot analysis
Cells were washed with phosphate-buffered saline (PBS) and lysed in lysis buffer-1 [50 mM TrisHCl (pH 7.4), 150 mM NaCl, 2 mM EDTA, 2 mM PMSF, 2 mM Na 3 VO 4 , 20 mM NaF, 10 mM Nethylmaleimide, 100 KIU/ml aprotinin and 1% Triton-X 100] for 10 min at 4 C. Cell lysates were c o l l e c t e d i n t u b e s a n d c e n t r i f u g e d . T h e supernatants were solubilized with 2X sample buffer [125 mM Tris-HCl (pH 6.8), 4% SDS, 20% glycerol, 0.1 mg/ml bromophenol blue, and 10% 2-mercaptoethanol]. Proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to PVDF membranes (Millipore) by electrophoresis. The membranes were rinsed in PBS containing 5% BSA and 0.1% Tween-20 for 1 h, and incubated with anti-Cx43 antibody (Sigma), a n t i -E R K a n t i b o d y ( P r o m e g a ) , o r a n t iphosphorylated ERK antibody (Promega) for 1-2 h at room temperature followed by incubation with a secondary antibody (sheep anti-mouse IgG or Protein-A conjugated with horseradish peroxidase, Amersham Biosciences) in 2.5% skim milk/PBS for 1 h. After washing, signals were detected with an enhanced chemiluminescence (ECL) reagent (Amersham-Pharmacia-Biotech).
In vitro phosphorylation reaction of recombinant Cx43-CT protein
Rat 6x His-tagged Cx43-CT (E227-I382) or Cx43-CTS4A (S365/368/369/373A) ( Fig. 1) were expressed in E. coli. and purified as described previously [16] . Cell lysates were prepared as follows. Granulosa cells were stimulated with FSH (100 ng/ml) for 4 h, lysed with lysis buffer-2 (50 mM Hepes, 100 mM NaCl, 50 mM NaF, 1 mM Na3VO4, 1% Triton X-100, 2 mM PMSF, and 100 KIU/ml aprotinin), and centrifuged at 17,000 × g for 5 min. The supernatant fraction was stored at -80C prior to use. , and 1.5 µl of 100 µM ATP, and the volume was adjusted to 25 µl with deionized water. When necessary, 50 µM of H89 was included [18] . Five microliters of cell lysate or the catalytic subunit of PKA (Sigma) was added to the reaction mixture, which was then incubated for 30 min at 30 C. The resins were then washed and solubilized with sample buffer.
Phosphopeptide mapping
Two-dimensional phosphopeptide mapping and phosphoamino acid analysis were performed as described previously [19] . Briefly, labeled Cx43-CT w a s d i g e s t e d w i t h T P C K -t r y p s i n a n d t h e phosphopeptides were resolved on cellulose thinlayer chromatography (TLC) plates (Merck) by electrophoresis using 1% ammonium bicarbonate buffer, pH 8.9, for 30 min at 1 kV in the first dimension and ascending chromatography using phosphochromatography buffer (37.5% n-butyl alcohol, 25% pyridine, 7.5% acetic acid, and 30% deionized water) in the second dimension. The l a b e l e d p e p t i d e s i g n a l s w e r e d e t e c t e d b y radioautography.
Results
PKA enhances while PKC suppresses phosphorylation of Cx43
To identify the possible protein kinase involved in phosphorylation of Cx43 induced by stimulation with FSH in granulosa cells, we tested inhibitors for encoding the cytoplasmic tail of rat Cx43 (Cx43-CT: amino acid residues from E227 to I382) was subcloned into a 6x His-tagged expression vector, pQE31 (QIAGEN). protein serine kinases that are known to be activated downstream of FSH signaling. As shown in Fig. 2 , we confirmed that FSH increased hyperphosphorylation of Cx43 (P1 and P2) as previously reported; three bands (P0, P1, and P2) were observed by Western blotting throughout the incubation period, and a characteristic feature of the FSH-stimulated cells was a significant elevation in the levels of the P2 form after 4 h. With regard to this, when immunoprecipitated Cx43 was treated with intestine phosphatase, the slowly migrating bands (P1 and P2) disappeared and consequently, the intensity of P0 increased, implying that the appearance of the slower bands was due to hyperphosphorylation (data not shown). When H89, a PKA inhibitor, was added to the culture medium in the presence of FSH, phosphorylation appeared to be significantly suppressed, indicating a major role for a PKA-dependent pathway (Fig. 2) .
Since the level seen after H89 treatment appeared to be lower than that in the control cells, PKA could also play a role in FSH-unstimulated cells. In contrast, staurosporin (ST), an inhibitor of Ca 2+ -dependent protein kinase (PKC), enhanced FSHinduced hyperphosphorylation. With regard to this, we found that 12-O-tetradecanoylphorbol-13-acetate, a PKC activator, decreased the level of phosphorylated Cx43 in rat primary granulosa cells (data not shown), suggesting that the PKC pathway plays a negative role in phosphorylation of Cx43.
ERK is dispensable in phosphorylation of Cx43
The above results showed that a PKA-dependent pathway played a major role in phosphorylation of Cx43 induced by stimulation with FSH. In this regard, extracellular signal-regulated kinase (ERK) was reported to phosphorylate Cx43 in vivo and in vitro [11, 13, 20] , and FSH is also known to activate ERK in rat granulosa cells downstream from the PKA pathway [21] . We then tested the effect of PD98059, a mitogen-activated protein kinase kinase (MEK) inhibitor, on the level of phosphorylated Cx43 after FSH treatment. Although activation of ERK1/2 could be confirmed (Fig. 3A) , PD98059 showed no effect on the level of phosphorylated Cx43 under the conditions used (Fig. 3B) , suggesting that ERK activity was not essential for FSH-dependent phosphorylation of Cx43.
Phosphorylation of Cx43 in vitro
To further confirm the involvement of PKA in phosphorylation of Cx43, we carried out an in vitro phosphorylation reaction using a recombinant Cx43 carboxy-terminal domain (Cx43-CT). We previously found that recombinant Cx43-CT could be phosphorylated in vitro using rat granulosa cell lysate, and the sites of phosphorylation were identical to those observed in vivo [16] . We, therefore, expressed and purified 6x Histidinetagged Cx43-CT (Fig. 1) as reported previously, and examined whether H89 treatment affected phosphorylation in vitro. As shown in Fig. 4 significantly reduced the level of phosphorylated Cx43-CT. Tryptic peptide mapping of the thus labeled Cx43-CT showed no significant changes in the mapping profiles among the H89-treated and untreated conditions (Fig. 5 ), indicating that PKA had no selectivity among the four serine residues, but that it could be responsible for phosphorylation of all of the residues. To further confirm the involvement of PKA, we performed in vitro phosphorylation reactions using the purified catalytic subunit of PKA and either Cx43-CT or Cx43-CTS4A in which Ser365, Ser368, Ser369, and Ser373 residues were substituted with alanine (Fig.  6) . As a result, the potential of Cx43-CT as a substrate could be observed, and no labeling was detected with Cx43-CTS4A, indicating that these four serine residues were actually target sites for PKA.
, the a d d i t i o n o f H 8 9 t o t h e r e a c t i o n m i x t u r e s
Discussion
We and others have reported that expression of c o n n e x i n 4 3 m R N A i n g r a n u l o s a c e l l s i s significantly enhanced by pregnant mare's serum gonadotropin (PMSG) and down-regulated with the additional administration of human chorionic gonadotropin (hCG) [9, 22] . FSH is the central hormone of the female reproductive system [23] , and the crucial role played by FSH signaling in the female reproductive system has been illustrated by the mouse phenotype carrying a targeted mutation in the FSH-β subunit gene [24, 25] and by the effects of mutations in mouse and human FSH receptor molecules [26] [27] [28] . Namely, FSH-deficient female mice were infertile due to a block in folliculogenesis prior to formation of the antral follicle [24] . In a similar fashion, the indispensable role of gap junctions in the female reproductive process has been demonstrated recently by targeted disruption of certain connexin genes [29] [30] [31] [32] . Defects in the development of oocytes and follicles have been reported in Cx37 [32, 33] and Cx43 [34, 35] knockout mice, respectively. Notably in the absence of Cx43, granulosa cells stop growing at an early preantral stage, and in Cx43 null mice, the development of follicles arrests in the preantral s t a g e [ 3 6 ] . G a p j u n c t i o n a l i n t e r c e l l u l a r communication mediated by Cx43 thus seems to play indispensable roles in both germ line development and postnatal folliculogenesis, and understanding how FSH regulates Cx43-mediated GJC is important. Signaling mechanisms downstream of the FSH receptor have been studied well. The FSH receptor is a G protein-coupled receptor, once bound with FSH, it activates adenylyl cyclase leading to production of cAMP. Then, cAMP activates the PKA-dependent pathways involving ERK and the transcription factor cyclic AMP response element b i n d i n g p r o t e i n ( C R E B ) , a s w e l l a s P K Aindependent pathways involving protein kinase B (PKB/Akt), serum and glucocorticoid-induced kinase (SGK), and p38 through cAMP-regulated guanine nucleotide exchange factor (cAMP-GEF) [37] . We demonstrated in this study that enhanced phosphorylation of Cx43 induced by stimulation with FSH in rat granulosa cells depends on the PKA p a t h w a y , w h i l e t h e a c t i v i t y o f E R K w a s dispensable. Moreover, the catalytic subunit of PKA could phosphorylate Cx43-CT, at least in vitro, further supporting this notion. However, since H89 treatment could not inhibit phosphorylation of Cx43 completely in vivo or in vitro, the possibility of involvement of other kinase(s) cannot be excluded.
Various kinds of protein kinases have been shown to be involved in phosphorylation of Cx43 [38] in addition to PKA as shown in this study. Phosphorylation of connexin has been implicated in the regulation of gap junctional communication at multiple levels, including trafficking, assembly/ disassembly, stability, and channel activity. For example, phosphorylation of Y265 by nonreceptortype tyrosine kinase Src is known to lead to an inhibition of intercellular communication [39] . Further, phosphorylation of S255/279/282 by mitogen-activated protein kinase (MAPK) also disrupts gap junctional communication [11, 13] . We previously found that FSH accelerated trafficking of Cx43 and accumulation of this protein i n g a p j u n c t i o n a l p l a q u e s a c c o m p a n y i n g phosphorylation in rat granulosa cells [40] . We further identified Ser365, Ser368, Ser369, and Ser373 as major sites of phosphorylation, and revealed the significance of serine phosphorylation in Cx43-mediated channel activity [16] . Namely, when all four serine residues were substituted with alanine, Cx43 appeared to lose dye transfer activity. We demonstrated in this study that these four serine residues could be the target sites of PKA. Therefore, it may be reasonable to suggest that PKA positively regulates Cx43-mediated gap junctional communication in the presence of FSH through phosphorylation of Ser365, Ser368, Ser369, and Ser373.
Finally, we showed in this study the relevance of FSH/PKA signaling to the regulation of Cx43-mediated gap junctional communication in granulosa cells. What is the significance of this finding on ovarian folliculogenesis and/or oogenesis? With regard to this, Cx37 is believed to be the only connexin protein supplied from oocytes for the gap junctional channel connecting granulosa cells and oocytes [33] . Supporting this, Gittens and Kidder recently reported using reconstituted chimeric ovaries from Cx37-or Cx43-deficient mice that expression of Cx37 in oocytes, but not granulosa cells, was prerequisite for follicular development [41] . Multiple connexins including Cx43, however, are known to be expressed in granulosa cells [9, 10] , and the counterpart of Cx37 functioning in the contact region of granulosa cells and oocytes is still unknown. Clarifying the exact localization of Cx43 and its possible formation of a heterotypic gap junction with Cx37 in this region w o u l d t h u s b e r e q u i r e d t o e x t e n d o u r understanding of the mechanisms of oocyte growth and maturation in ovarian follicles.
